Density-functional theory calculations with spin-polarized generalized gradient approximation and Hubbard U correction is carried out to investigate the mechanical, structural, electronic and magnetic properties of graphitic heptazine with embedded Fe atom under bi-axial tensile strain and applied perpendicular electric field. It was found that the binding energy of heptazine with embedded Fe atom system decreases as more tensile strain is applied and increases as more electric field strength is applied. Our calculations also predict a band gap at a peak value of 5 tensile strain but at expense of the structural stability of the system. The band gap opening at 5 tensile strain is due to distortion in the structure caused by the repulsive effect in the cavity between the lone pairs of edge nitrogen atoms and d xy /d x 2 −y 2 orbital of Fe atom, hence the unoccupied p z -orbital is forced to shift towards higher energy. The electronic and magnetic properties of the heptazine with embedded Fe system under perpendicular electric field up to a peak value of 10 V/nm is also well preserved despite obvious buckled structure. Such properties may be desirable for diluted magnetic semiconductors, spintronics, and sensing devices.
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Introduction
Among the nowadays synthesized monolayers, graphitic carbon nitride (CN) sheets have received enormous research interest due to their promising technological advantage such as thermal stability, mechanical, electronic and photocatalytic properties [1] , [2] , [3] , [4] , [5] , [6] , [7] . The C 3 N 4 allotrope involves two basic isomers, namely; a graphitic single triazine (gs − C 3 N 4 ) and graphitic tri-single triazine with formula gts − C 3 N 4 (heptazine) [8] , [9] . The heptazine has been found to be the most stable structure as compared to other graphitic CN-based allotropes under room temperature [10] . In addition to an intrinsic sp 3 and sp 2 hybridized structure, heptazine possess naturally defined defects which is significant for trapping nanostructures at even dispersions as compared to other monolayer monolayers. Therefore, heptazine could be used as a suitable candidate for photocatalys, sensing and spintronics applications [11] , [12] , [13] , [14] , [15] . For example, Wang et al. have shown that g−C 3 N 4 doped with Fe and Zn exhibits efficient photocalysis more than that of pure g − C 3 N 4 [16] .
With respect to spintronics applications, incorporation of magnetic nanostructures into heptazine via atomic doping have recently sparked a renew attention. This is due to the possibility that unique electronic structure such as semiconducting magnetic property and half-metallicity could be tailored in the doped g − C 3 N 4 system. Du et al. theoretically demonstrated that ferromagnetic ground state with half metallicity can be achieved by uniformly replacing N atom by C atom to form C-doped triazine-based g − C 4 N 3 [1] . However, achieving enduring and stable spin ordering upon incorporation of non-magnetic atoms into the bare monolayer remain uncertain. Recent study has shown an evidence of ferromagnetic behavior under ambient temperature via adsorption of hydrogen dangling bonds at some selected sites on heptazine monolayer [17] . It is hence logical to investigate whether g − C 3 N 4 can substantially be magnetized by the well-known method of doping transition metal (TM) atoms into its free-standing form.
By applying first-principles method based on density functional theory (DFT), Zhang et al. [18] have confirmed the exotic magnetic behavior of TMs@g − CN system obtained in Ref. [19] . They further reported magnetic exchange coupling of TMs@g − CN system which varies dramatically with the separations between the various TM atoms located at the cavity, i.e., from ferromagnetic (FM) to antiferromagnetic (AFM) transition. Moreover, they also show modulated electronic properties for all the heptazine with embedded 3d TM atoms systems. Generally, application of external environments such as electric field, [20] strain, [21] , [22] and chemical adsorption [23] , [24] are routinely used for controlling monolayers physical properties. This is because the applications of these external fields would enhance reactivity between the embedded nanostructures and the surrounding atoms arousing stronger interactions.
Theoretical approach based on DFT has proved that molybdenum disulfide (MoS 2 ) monolayer under small deformations would have its band gap decreased. Hence, the semiconducting MoS 2 monolayer exhibits metal electronic character at 8 deformation [25] . On the iron-doped molybdenum disulfide (Fe-MoS 2 ) system, a magnetic moment is observed to change from 2.04 µ B to 4 µ B when the biaxial tensile strain reaches 3.5 [21] . In addition, electronic behaviors, such as magnetic semiconductor and spin-gapless semiconductor are also introduced in Fe-MoS 2 system by the strain [21] . In our recent work, it was shown that Mn atom embedded heptazine band gap increases under small biaxial tensile strain whereas the total magnetic moment remains unchanged [26] . Experimentally, tensile strain is desirable for CN deposition on a substrate. The straining process of the monolayer during the growth/deposition would result in material's properties modulations [27] . Thus, modulations of the physical properties of Fe embedded CN system by an applied external environment present a new research interest (i.e., small deformations and electric field).
In this work, we construct a computational model of heptazine with embedded Fe atom to theoretically study the ground state properties under small deformations and perpendicular electric field based on DFT in the presence of Hubbard U . Due to uniform interaction of Fe atom and the surrounding atoms in the cavity of heptazine, the high spin configuration of the Fe atom can be preserved.
Computational method
All calculations were carried out within the framework of DFT + U [28] in the QUANTUM ESPRESSO (QE) simulation package [29] . The exchange and correlation energies of strongly localized 3d orbital of TM atoms were treated using Perdew-Burkew-Enzerhof (PBE) of generalized gradient ap-proximation and Hubbard U [30] . The electron-ion core coupling is treated by the Ultrasoft pseudopotentials [31] . For pseudopotentials generation, we refer to the online library of the QE code platform [29] . The cut-off energy for the plain wave basis set used to expand the Kohn-Sham wave functions is found to be 550 eV. Marzari-Vanderbilt smearing with Gaussian spreading was used for integrals to assist in convergences [32] . The Mankhorst-Pack sampling scheme is used for Brillouin zone (BZ) integration. 8 × 8 × 1 and 15 × 15 × 1 k-point meshes are chosen for total energy and density of state calculations respectively [33] .
We use optimized 2 × 2 supercell comprising of 56 atoms as shown in the left side of Fig. 1 (c) as our atomic model of pure planar graphitic gts − C 3 N 4 . Within the atomic structure there are 4 heptazine units which formed a hexagonal structure with a chemical formula C 6 N 7 per unit cell (the right figure in Fig. 1c show a heptazine unit cell). The 2 × 2 supercell in the left figure in Fig. 1(c) is referred as a unit of GCN; while Fe-embedded GCN is referred as GCN − Fe. The GCN − Fe unit shown in Fig. 1(a) is the one that was used as the input in our calculation. The purpose of using a 2×2 supercell as in Fig. 1(a) is to produce negligible interaction between the embedded transition metal atoms. The cavity is indicated by the solid circled line in the GCN structure Fig. 1(c) . We imposed a vacuum space of 15Å between the periodic images of GCN plane to produce a negligible interaction between the monolayers. All atoms were fully relaxed using Broyden-Fletcher-GoldfarbShanno (BFGS) method until the remaining force on each atom was smaller than 0.05 eV/Å. Linear response approach formulated by Cococcioni et al. [34] was used to calculate the Hubbard U parameter of the Fe and Mn atoms embedded in GCN monolayer. The Hubbard U parameter is extracted from density response function using the following equation:
n p represents the d orbital localized state occupation with respect to site p, and α variable is the perturbation potential. Once the density response function is known, the total on-site effective U value is self-consistently determined and is expressed in equation below,
χ and χ 0 denote the interacting and non-interacting and density response functions of the system with respect to localized perturbations. The computed Hubbard U for Fe atom used in this work is shown in Fig. 4a . The obtained Hubbard U value in this study is more than that adopted by Gosh et al. [19] The difference is as a result of distinct bonding environments considered. The U parameter for Mn in the GCN, which is 3.8 eV, was adopted from our previous calculations [26] .
Results and discussions

Structural and mechanical properties of GCN-Fe system
We first determine the lattice parameters of the optimized GCN monolayer as illustrated in Fig. 1a . It can be seen that the optimized lattice parameter is 7.16Å. The obtained value agrees with the recent report [35] . The bond lengths l 1 , l 2 and l 3 depicted in Fig. 1a is consistent with the recent work [9] It is usually recommended to ascertain the robustness of the system. We therefore determine the in-plane elastic moduli of the GCN − Fe system from Fig. 4b . The elastic constants C 11 , C 12 , for uni-and bi-axial strains are 205 N/m and 25.13 N/m respectively. They are calculated from Eq. 3. These equations are expressed as:
where A 0 , E, and s are equilibrium unit-cell area, strain energy and applied tensile strain. We then deduced the Young modulus (known as in-plane stiffness), and poison ration from the following equations: In-plane stiffness:
The calculated in-plane stiffness and Poisson's ratio are 2020.40GPa·Å (= 202.04) N/m and 0.12 respectively. This shows that GCN − Fe is slightly weaker in terms of bonding than heptazine [3] and graphyne monolayers [36] . The decreased in stiffness in comparison with pure heptazine can be linked to the increased distortion in the GCN structure which is caused by the embedded Fe atom in the monolayer. The calculated Poisson's ratio is slightly less than the value for graphene [37] . The bulk modulus is estimated from the well-known method [36] expressed in Eq. 5.
where E, A and A m denotes the total strain energy, area of the unit cell, and the equilibrium structure unit cell area respectively. Eq. 5) (for bulk modulus) stands as the product of equilibrium area and the total energy minimization with respect to the area of GCN − Fe system within the linear region in the range of -2 as shown in Fig. 4 (b) iii. Table 1 clearly listed the of total strain energy as a function of area derived from the optimized GCN − Fe systems lattice constants under small symmetric deformations. An amount of 121.5 N/m is estimated. The estimated value is in order of the value for graphyne monolayer [3] and portrays more hardness compared to the value estimated in our previous work [26] . We also evaluate the stability of GCN−Fe system from the binding energy expression as follows
where E T , E Fe and E GCN represent the spin-polarized interacting total energy of the GCN−Fe system, the total energy of an isolated Fe atom and the total energy of pristine GCN respectively. A positive value of E b indicates more stable GCN − Fe system, and a negative value indicates metastable system. Small deformations in terms of tensile strain s can be calculated from the optimized lattice constant a 0 of GCN − Fe system and it is defined by the formula as s = ∆a/a 0 . The average height h difference in z-axis of the Fe atom with respect to all atoms in GCN monolayer is listed in Table 1 as a function of bi-axial strain (positive tensile) for 0 − 5 range. For the embedded Fe, the computed height h listed in Table 2 indicates slight vertical movement of the embedded Fe atom in the GCN plane for all deformations. Overall the GCN − Fe systems remain nearly planar without much structural distortions after structural relaxation. At a value of 5 tensile strain the structural distortion is more pronounced. This corresponds to a metastable state as evidenced from the computed value of binding energy. We also observe the preservations of the sp 2 structure by measuring the average angle θ formed by C which is bonded by two neighboring N atoms in the porous site.
The estimated binding energy as a function of tensile strain obtained from Eq. 6 shows a decreasing trend. This can be attributed to the small tensile deformations which weaken the bond between the embedded Fe atom in the porous site and the surrounding atoms. To account for more detailed binding energy modulation, we consider the following variations. For positive elastic moduli, the total energy of the GCN − Fe system should increase under small deformation. Correspondingly, the binding energy according to the definition of Eq. 6, would become lower. We also observe a successive increase in d 1 /d 2 (see labeled in Fig. 3c ) connecting adjacent heptazine units. The averaged bond length between Fe atom and N atom in the cavity d Fe−N also increases as more bi-axial tensile strain is applied. Consequently, we observe gradual separation of GCN structure into separate units of heptazine. These distortions in the structure resulted in a metastable structure and hence the binding energy decreases. We have also checked the binding energy of Fe in the GCN monolayer as a function of applied electric field strength for the range of 0 -1 V/nm. In contrast, the GCN − Fe systems binding energy increases as more electric field strength is applied (see Fig. 3 (c) ).
We have also quantitatively determined the GCN − Fe system magnetic moment per unit cell and charge transfer from the Fe atom into the GCN monolayer based on Lowdin's charge analysis [38] The unstrained GCN − Fe system (i.e. @ 0 tensile deformation) magnetic moment tallies well with the previous literature [19] . However, the results show that the magnetic moment is less sensitive to the small symmetric tensile deformation, i.e. the magnetic moments for different strained system have not deviate from unstrained system. This results show that if Fe atoms located in all the cavities of GCN monolayer, its isolated value of the magnetic moment may be well retained. Such property is needed for future spintronic practical applications.
We found that the high spin configuration of Fe atom do not deviate from the isolated ones. Hence the magnetic moment of the Fe atom is relatively preserved. Moreover, we observe lesser charge redistribution of within the sub-orbitals of the embedded Fe atom as captured in the Lowdin's charge analysis. The calculated charge transfer Q from the embedded Fe atom to the GCN monolayer as shown in Table 1 confirms an ionic bonding behavior between the Fe atom and the GCN monolayer for all systems. The charge localization around N atoms in the charge-density difference plot of unstrained system in Fig. 1(d) further testifies the ionic interaction. The dominant features of charge accumulation around the six surrounding N atoms (orange color 4-point starts) atoms is due to its superior electronegative. There is also an evidence of charge exchange between the atoms in the porous site. These excess charge depletions portray covalent bonding character.
To facilitate a better explanation of the electronic property modulation of GCN when single Fe atom is embedded on its surface, we first look at the unstrained total density of state (TDOS) of the pristine GCN [see Fig. 3(a) ]. Our result confirms the previously reported nonmagnetic and semiconducting behavior of pristine GCN system [9] , [39] . It is well known that the covalent hybridization of any 2D monolayer orbitals and the orbitals of the foreign atom play a major role in defining the electronic property [40] , [41] . Upon doping with Fe atoms, the electronic property of pristine GCN is clearly modulated. This is obviously seen by comparing Fig. 4 (e) [which shows the spin-polarized TDOS for the equilibrium structure of GCN-Fe system for the unstrained (s = 0) case] and Fig. 3 (a) (which shows the TDOS of the pristine monolayer). This electronic behavior confirms the structural distortion of GCN upon TM atom embedment. It can equally be observed a maintained intrinsic semiconducting property of GCN in the vicinity of Fermi level. The asymmetric TDOS clearly indicates the presence of magnetic moment in the system.
Referring to Fig. 4 , the atomic orbital contributions to valence and conduction bands that lead to the electronic property modulation can be analyzed. To understand the pattern of the orbital hybridization between the Fe and six surrounding Natoms (N 6EG It is well known that the covalent hybridization of any 2D monolayer orbitals and the orbitals of the foreign atom play a major role in defining the electronic property [40] , [41] . At the bottom of the conduction band, there is obvious dominant features of p z -like orbitals of the N 6EG in both spin states; whereas the top of the valence band is formed by the σ-like orbitals including
The σ-like orbitals contributing to the bonding are largely occupied by sp-like orbitals of the N 6EG and s-, p x -like like orbitals of the Fe atom around -6.5 eV and -8.0 eV. Around -4.5 eV there is a covalent bonding which is occupied by sp-like orbitals of the N 6EG as well as s-, d zx -and d z 2 -like orbitals of the Fe atom in the minority spin state. The proportion of the dominant orbitals in the majority spin states are mainly from σ-like orbitals orbitals of the N 6EG , with small sp-like orbitals promotion by the Fe atom. The rest of the sp-like orbitals including lone pairs of the N 6EG contribute to the planar geometry. This is obvious at approximately -0.12 eV, where both spin up and spin down channels is contributed by p y -, p x -like orbitals of the N 6EG . It also follows that the sp-likes orbitals of the Fe atom in both spin up and spin down channels confirms intra-orbitals electron transfer.
On the intrinsic band gap, we observe a linear state degeneracy to the left of Fermi level and at approximately 0.04 eV in both spin channels. The TDOS plots and band structures in Fig. 4(c) , (d) clarify this degeneracy. The minimum conduction band of both spin up and spin down channels lies on the Fermi level lines. The GCN − Fe also system maintains its metallic properties under biaxial tensile strain in the range 0 -4. The semiconducting property becomes pronounced at a maximum value of 5 tensile strain. This is due to distortion which causes delocalization p z -orbital at the bottom of the conduction band. The distortion in the structure is as a result of the repulsive effect in the cavity between the lone pairs of edge nitrogen atoms, the p x , p y orbitals of N and d xy , d x 2 −y 2 of Fe. Consequently, the lone pairs of N-(p x , p y ) orbitals become misaligned in trying to reduce the steric repulsion which makes p z -to shift towards higher energy, hence opening the band gap at a peak tensile strain as depicted in Fig. 3(b) . This happens at the expense of the stability of the system [see Table 1 ].
Electric field effect
To explore other effects of an applied external environment on the electronic property, the perpendicular electronic field is applied to the GCN − Fe system. As mentioned in the first part, application of external fields has been found to be an effective way to controlled electronic property of 2D materials [20] , [21] , [26] , [23] . We have carried out calculations with an electric field perpendicular to the GCN − Fe monolayer ranging from 0.0. The geometry was fully-optimized under each applied electric field strength. As a result of an applied electric field strength, the structure buckles. The buckling of GCN − Fe and GCN − Mn (for comparison) systems is due to distortion caused by d xy , d x 2 −y 2 of Fe in trying to lower the system's energy (see right Fig. 1(d) ). Orbital hybridizations between p x , p y orbitals of N and d xy , d x 2 −y 2 of Fe, which lie on the same plane are clearly seen in the projected density of states. This orbital mixed supports the picture depicted above. Despite the obvious wrinkles, the GCN − Mn and GCN − Fe systems remain semiconducting and metallic respectively [see Fig. 5(a)-(c)] .
Furthermore, this confirms that GCN monolayer displays no exception to the formation of buckled structure due to interplay in the N atom with sp 3 and sp 2 hybridized structure. Application of electric field promotes more repulsive effects between lone pairs, p x , p y orbitals of N and d xy , d x 2 −y 2 of Fe as a result of orbitals hybridizations. Moreover, the magnetic moment per unit cell obtained in these calculations doesn't change much with the applied electric field [see Fig. 3(d) ]. These conditions of having preserved electronic and magnetic moment properties under applied electronic field of both GCN − Fe and GCN − Mn could be used in sensing/actuating applications
Conclusions
In summary, using spin-polarized DFT + U calculations, the structural, mechanical, electronic and magnetic properties of GCN − Fe system under small tensile deformation and perpendicular electronic field are investigated. It is found that the GCN − Fe structure is mechanically stable. Based on the structural feature distortions of the monolayer, the binding energy of GCN − Fe system is also found to uniformly decrease. Consequently, the average N-C-N bond angles within the cavity increases in trying to retain its sp 2 hybridize structure. The electronic character of different strained GCN − Fe systems shows semiconducting and metallic behaviors. The magnetic moment of the GCN − Fe system is maintained for all deformations. The electronic property modulation can be related to the orbital hybridization in the GCN − Fe system. The distortion in the structure as a result of repulsive effect in the cavity between the lone pairs of edge nitrogen atoms and d xy /d x 2 −y 2 orbitals lead to the band gap opening at 5 tensile strain. It is also shown that there is no change in the electronic and magnetic properties of the GCN-Fe system under electric field up to a peak value of 10 V/nm in spite of the obvious buckled structure. Our calculations present theoretical insights of the considered system for future applications in spintronics and sensing/actuating devices. 
